The deceleration-phase ͑dp͒ ablative Rayleigh-Taylor instability ͑RTI͒ of igniting and nonigniting inertial fusion capsules is studied by high-resolution two-dimensional Lagrangian fluid simulations. It is found that growth reduction of the dp-RTI with respect to classical RTI results from the advection of perturbed fluid elements outside a thin unstable fluid layer. Within this layer, at fixed Lagrangian position, perturbations grow approximately classically. The Rayleigh-Taylor instability ͓1,2͔ occurs when a denser fluid layer is accelerated by a lighter fluid. RTIs occur in astrophysics ͓3͔, geophysics ͓4͔, and inertial confinement fusion ͑ICF͒ ͓5͔. In these cases, however, several processes, and in particular, intense energy flow, modify the classical RTI described in Refs. ͓1,2͔ ͑see Ref. ͓6͔ for an extensive review͒.
Ϫ␤ku a , ͑1͒ which generalizes earlier expressions by Bodner ͓7͔ and Takabe ͓8͔. In Eq. ͑1͒, k is the wave number, g is the acceleration, L m is the minimum value of the density scale length Lϭ/" at the ablation front, u a is the ablation velocity, and ␣ and ␤ are numerical coefficients depending on the flow parameters ͓15͔, and typically varying in the ranges ␣ ϭ0.9-0.95 and ␤ϭ1 -3. When the imploding shell is slowed down by the high pressure exerted by the inner DT gas hot spot, the so-called deceleration phase RTI ͑dp-RTI͒ develops at the inner shell surface ͓16͔. At this time, dense shell material is ablated by the energy flux carried by electrons and 3.5-MeV fusion ␣ particles leaving the hot spot ͓17͔. Recently, Lobatchev and Betti ͓18͔ pointed out the beneficial effect of ablation on the dp-RTI, the linear growth rate of which can still be approximated by Eq. ͑1͒. Measurements of dp-RTI growth have been reported in Ref.
͓19͔.
Despite the above mentioned research, as well as major progress in nonlinear theories ͓20͔, understanding of the linear stage of the ablative RTI is still incomplete, e.g., mode structure and evolution of the perturbed flow have not been analyzed in detail.
In this paper, we present results of high-resolution 2D Lagrangian simulations which provide insight into the stabilization mechanism of the dp-RTI, and more generally, of the ablative RTI. In particular, we analyze the structure and location of the perturbation modes, and study the development of the perturbation at fixed Lagrangian positions. We conclude that perturbations grow approximately classically in the dense fluid layer close to the unstable surface, and growth is limited by advection of the perturbed fluid outside such a layer.
Our study refers to an ICF shell capsule with parameters similar to those of the indirect-drive point design for the National Ignition Facility ͑Ref. ͓5͔, p. 4009͒. The shell has outer radius of 1.1 mm and inner radius of 0.87 mm; it consists of a layer of Br-doped plastics and an inner 0.2-mg DT layer, and contains DT vapor with a density of 4 ϫ10 Ϫ4 g/cm 3 . According to one-dimensional ͑1D͒ simulations, the fuel ignites and releases 14 MJ of fusion energy when the shell is driven by a time-shaped pulse of thermal x rays with total energy of 150 kJ and about 300-eV peak temperature. We have simulated the dp-RTI of this capsule by the 2D Lagrangian fluid code DUED ͓21͔. This code includes a two-temperature model with classical flux-limited conductivities, a real-matter equation of state, DT fusion reactions, single-group time-dependent diffusion of ␣-particle energy, and ␣-particle contribution to fluid pressure. As in Ref. ͓18͔ ͑see also the discussion in Ref. ͓22͔͒ we assume bremsstrahlung loss from the hot spot and neglect radiative transfer. The 2D simulations start ͑time tϭ0) about 100 ps before beginning of shell deceleration, and take as initial conditions the output of a run by the 1D code SARA ͓23͔. A small 2D perturbation is introduced as a singlemode radial displacement centered around the hot spot surface: ␦R(r,,tϭ0)ϭA(r,tϭ0)P l (cos ), with A(r,t ϭ0)ϭA 0 exp͓Ϫl͉rϪR h0 ͉/R h0 ͔, where l is the mode number, P l is the Legendre polynomial of order l, is the angle between the cylindrical symmetry axis and the radial direction, R h0 ϭR h (tϭ0) is the radius of hot spot ͑taken as the location of the minimum density scale length͒. Code mesh is uniform in ͑with 3l -6l points in a 90°sector͒ and nonuniform in r ͑with typically 170 points for the DT region, with very fine spacing in the region close to the hot spot boundary͒. According to previous experience with DUED ͓12͔, at least for lр80, growth rates computed with the adopted mesh should be ͑90-95͒% of the theoretical values. Figure 1͑a͒ shows the 1D flow chart for this problem, computed by DUED assuming perfect spherical symmetry. The dashed curves indicate the boundaries of the initially cryo-genic fuel; curves are denser at the hot spot front. The coasting shell starts decelerating about tϭ100 ps. Ignition occurs about tϭ290 ps, and is followed by the propagating burn. Figure 1͑b͒ shows radial profiles of density , ion temperature and pressure p, at time tϭ250 ps, when the hot spot radius is R h ϭ37.5 m. A zoom of the same profiles around R h is shown in Fig. 1͑c͒ . The most unstable region is the thin layer where the product Ϫ(dp/dr)(d/dr) peaks ͓2͔.
Due to ablation ͑see the hot spot front moving into the shell͒, the acceleration of the hot spot surface d 2 R h /dt 2 differs from the acceleration g of the fluid element at rϭR h . In the interval 200рtр290 ps the latter increases from 1.5 to 5.2ϫ10 17 cm/s 2 . In the same time interval, the ablation velocity ͑ratio of the areal mass ablation rate to the peak density͒ increases from 0.7 to 1.6ϫ10 6 cm/s, while the density scale length is roughly constant, L m Ӎ0.4 m.
We now discuss 2D results. In the linear stage, perturbations ͑i.e., deformations of the Lagrangian mesh͒ have the form ␦R(r,,t)ϭA(r,t)P l (cos ). Figures 2͑a͒ and 2͑b͒ show perturbation amplitude A vs radius, at selected times, for cases with lϭ8 and lϭ56, respectively; Fig. 2͑c͒ presents the radial density profiles at the same times. Unlike the classical nonablative case, in which the mode peaks at the unstable interface ͓1͔, here A(r) peaks in the ablated fluid, at rϭR peak ϭR h Ϫ⌬R. For a given l, ⌬R grows in time with u a . At times close to stagnation, ⌬R approximately scale as ⌬Rϰ1/l 1/2 , for lр96 ͑a detailed analysis will be presented elsewhere͒.
Since fluid is ablated, the perturbation peaks, at any time, at a different fluid element. This is clear from Fig. 3͑a͒ , showing the evolution of the perturbation A i (t)ϭA͓r i (t),t͔ at selected Lagrangian locations ͑labeled by the index i), for a run with lϭ48. Solid curves correspond to fluid elements initially laying in the dense shell, while dashed curves refer to elements already in the gas at tϭ0. The thick dashed curve shows A͓rϭR h (t)͔ at the hot spot front. Perturbations start growing at tϷ100 ps, when deceleration begins. The following evolution is rather complex. However ͓see the thick solid curves in Fig. 3͑b͔͒ , growth is nearly exponential when the fluid element is still in the shell; it continues at FIG. 1. ͑a͒ 1D flow chart of the final stage of implosion; the thin curves represent rϪt trajectories of selected Lagrangian mesh points; ͑b͒ and ͑c͒ radial profiles at tϭ250 ps. In ͑c͒ density, pressure, and temperature are normalized to peak values; Ϫ(dp/dr)(d/dr) is in arbitrary units.
FIG. 2. ͑a͒ and ͑b͒
Perturbation amplitude vs radius at selected times, for mode numbers lϭ8 and lϭ56; ͑c͒ density profiles at the same times. The thin vertical lines indicate the location rϭR h of the hot spot front at time levels ͑3͒, ͑5͒, and ͑7͒. ͑1͒ tϭ0, ͑2͒ t ϭ50 ps, ͑3͒ tϭ100 ps, ͑4͒ tϭ150 ps, ͑5͒ tϭ200 ps, ͑6͒ t ϭ250 ps, ͑7͒ tϭ300 ps.
FIG. 3. Perturbation amplitude vs time at selected
Lagrangian locations, for a case with lϭ48. In ͑a͒ we plot the perturbation amplitude at each second Lagrangian point; in ͑b͒ at each point initially laying in the shell.
larger rate as the element is ablated and expands, and then decreases sharply as the advected element exits the most unstable region. The above observations suggest us to define a local growth rate ␥ loc ϭd ln A i * /dt, referring to Lagrangian elements i* in a region of the dense shell close to the unstable surface, i.e., just below the thick dashed curve of Fig.  3͑b͒ . In addition, we consider the global growth rate ␥ ϭd ln"max i ͓A i (t)͔…/dt of the peak of the perturbation, represented by the envelope of the curves of Fig. 3 . ͑Alternative definitions of the growth rate can also be considered, referring, for instance, to the perturbation of the hot spot boundary, or to the areal mass perturbation ͐dr ͓14͔.͒ Local growth rates computed at time tϭ270 ps are plotted in Fig. 4 vs mode number l ͑squares͒ ͓25͔. These data compare well with the dispersion curve ͑dashed͒ obtained from Eq. ͑1͒, setting ␣ϭ0.95, kϭl/R h , using the values gϭ3.6 ϫ10 17 cm/s 2 , L m ϭ0.4 m, and R h ϭ34.7 m, given by the simulations at the same time tϭ270 ps, and neglecting ablation (u a ϭ0). Global growth rates in the interval 250рt р290 ps are also shown ͑triangles͒ in the same figure. For lр96 they agree well with Eq. ͑1͒, with time averaged ␤u a ϭ1.65ϫ10 6 cm/s, and the same values of g, L m , and R h as before. Significant deviations, instead, appear for lϭ128. Figure 4 also shows ͑circles͒ growth rates for the perturbation amplitude at the hot spot boundary. The above analysis shows that perturbations grow classically in the unstable layer; growth reduction of the global perturbation results from advection of the perturbed fluid layers. These results support quantitatively the explanation for ablative stabilization first proposed by Lindl ͑see Ref. ͓24͔, p. 1382, and Ref. ͓5͔, p. 3962͒. In addition to the simulations with the above physical model ͑model A in the following͒, we have run DUED taking the same initial conditions, but neglecting fusion reactions ͑model B), and neglecting both fusion reactions and electron thermal conductivity ͑model C). In these cases g, u a , and L m are nearly constant in the time interval 200рtр400 ps. Simulations with model C show that modes are frozen in the fluid and growth of perturbations is practically the same at all Lagrangian locations ͑see Fig. 5͒ , and exponential in the interval 250рtр350 ps. Growth rates, shown in Fig. 6 , agree with the scaling ␥Ϸͱgk/(1ϩkL m ). Comparison of these rates with model-A global rates show that dp-RTI ablative growth rates are much smaller than the nonablative ones, despite the much stronger acceleration.
Model-B simulations yield global growth rates ͑see Fig.  6͒ analogous to those computed from model A, and in agreement with Eq. ͑1͒, with values of the flow parameters taken from 1D simulations. Notice that the performance of a real ICF shell should be intermediate between model-A and model-B computations, because departures from ideal behavior are likely to result in delayed ignition. According to our results, dp-RTI growth is rather insensitive to hot spot evolution. However, in case of retarded ignition, RTI has longer time to grow. In summary, 2D simulations confirm ablative stabilization of the dp-RTI, show approximately classical local growth in the unstable layer, and global growth reduction caused by advection. Future studies should also consider other measures of instability growth, and include radiative transfer and more accurate treatments of ␣-particle transport.
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